Photoinduced inverse spin Hall effect in Pt/Ge(001) at room temperature 
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We performed photoinduced inverse spin Hall effect (1SHE) measurements on a Pt/Ge(001) junc- 
tion at room temperature. The spin-oriented electrons, photogenerated at the direct gap of Gc 
using circularly polarized light, provide a net spin current which yields an electromotive field Eishe 
in the Pt layer. Such a signal is clearly detected at room temperature despite the strong r to L 
scattering which electrons undergo in the Ge conduction band. The ISHE signal dependence on the 
exciting photon energy is in good agreement with the electron spin polarization expected for optical 
orientation at the direct gap of Ge. 
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The injection and detection of spin currents in solids represent the core of spintronics. 1 In direct gap III-V semi- 
conductors a population of spin-oriented electrons can be generated at the T point of the Brillouin zone upon optical 
excitation with circularly polarized light, a phenomenon known as optical orientation. 2 In bulk semiconductors the 
electron spin polarization, defined as P = (n^ — uj,) / {n^ + n^) Uk, with (nj,) representing the densities of electrons 
with spin parallel (anti-parallel) to the quantization axis given by the direction of the incident light (parallel to the Uk 
unit vector), can reach P — 50% for resonant excitation at the T point. It has been demonstrated that a significant 
optical spin orientation can also be achieved for the excitation at the direct bandgap of germanium 3-5 (E^ = 0.8 eV 
at room temperature), whose band structure at V closely resembles that of III-V semiconductors. Electrons pho- 
toexcited close to V undergo a fast thermalization to the L valleys within a time scale of about 300 fs, so that the 
electron transport in Ge generally occurs at the L point. 6 However such r to L scattering partially preserves the 
initial electron spin, as observed in low-temperature photolumincscence measurements 7 and at room temperature in 
spin-photodiodes exploiting magnetic tunnel junctions. 8 Recently, spin accumulation by spin-pumping has also been 
achieved in the Ge conduction band. 9 Moreover, relatively long electron spin-lifetimes have been predicted 10 ' 11 and 
experimentally measured 12-14 in Ge. These findings, together with the "quasi direct" bandstructure of Ge and its 
compatibility with Si technology, make Ge a promising candidate for the implementation of devices where spins are 
optically injected and electrically detected, thus bridging the fields of spintronics and Si-photonics. 




FIG. 1. (Color online) (a) Sketch of the Pt/Ge(001) sample, showing the relevant angles/directions in our experimental setup. 
The unit vector Uk indicates the direction of the incoming light, (b) Schematic view of the bandstructure of the Pt/Ge interface. 
Spin-polarized electrons are excited from heavy-hole (HH), light- hole (LH) and split-off (SO) states to the Ge conduction band 
and, after relaxing to the L minima, diffuse towards the Pt/Ge(001) Schottky barrier ($(, = 0.63 eV). A pure spin current J s 
is injected in the Pt layer. 

In this paper we demonstrate that circularly polarized light can generate a net spin current in bulk Ge, which 
can be electrically detected by measuring (without any externally applied magnetic field) the inverse spin Hall effect 
(ISHE) induced in a Pt thin film deposited on a n-type Ge(001) crystal. The dependence of the ISHE signal on the 
incoming photon energy has also been investigated in the energy range hv = 1.0 — 1.8 eV and interpreted within a 
model accounting for the initial polarization of optically oriented spins. 

The experimental geometry is presented in Fig. 1(a). The sample (5x5 mm 2 ) consists of a 4 nm-thick Pt layer 
deposited by e-beam evaporation on a 450 /im-thick As-doped Ge substrate (Njj = 1.7 x 10 16 cm -3 ). The ISHE 
signal is measured as an electromotive force between two 50-nm-thick Au electrodes evaporated at the edges of the Pt 
layer. The experimental set-up is similar to the one used by Ando et al. 15 for the study of the photogenerated ISHE 
in a Pt/GaAs sample. 

The sample was illuminated with a collimated monochromatic beam (spot size of about 4 mm) from a Ti-sapphire 
tunable laser, which provides photons in the spectral range from 1.2 to 1.8 eV. A CW InAs-quantum dot laser was 
used for measurements at 1 eV excitation energy. A photo-elastic modulator (PEM) operating at 50 kHz was exploited 
to modulate the light circular polarization. The differential voltage signal AV between the two Au electrodes (see 
Fig. 1(a)) was detected by a lock-in amplifier. The sample was mounted on a multi-axial stage which allowed the 
rotation of the sample around the polar angle 9 and the azimuthal angle (f> defined in Fig. 1(a). 

The ISHE provides the conversion of a spin current into an electromotive force through spin orbit interaction 
between the electrons diffusing in the Pt layer and the Pt nuclei. 16 In our case, the optical orientation process creates 
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FIG. 2. (Color online) ISHE electromotive force AV (red dots) as function of the angle (j>, where (j> is the angle between P xy 
(polarization vector P projection in the xy-plane) and the z-axis. Data taken at T — 300 K. The experimental data are in 
good agreement with the expected cos <f> dependence (black curve) . 



polarized electron-hole couples which, by ambipolar diffusion, reach the Pt/Ge(001) interface carrying a spin current 
but no charge current (see Fig. 1(b)). In Ge the spin relaxation time for holes is T s h ~ 0.7 ps at room temperature, 17 
much lower than the electron spin lifetime r se w 1 ns, 12-14 so that most of the spin current injected in the Pt layer is 
carried by electrons. A spin current J s carrying a spin polarization P generates an electromotive field Eishe given 
by: 

Eishe = —J, x P (1) 

where 7 = 0.08 and a c = 1.1 x 10 6 (fl m) _1 represent the spin-Hall angle and the electrical conductivity of Pt, 
respectively. 18 Since 3 S is perpendicular to the Pt/Ge interface and only the component of Eishe along the direction 
connecting the two Au electrodes (y-axis) can be detected, it is essential to maximize the P x component of the 
interfacial plane projection P xy of the photoinduccd spin polarization P (see Fig. 1(a)) by illuminating the sample 
at grazing incidence. 

Due to the relatively high refractive index of Ge (hq c ss 5), the angle of the light wave- vector inside the Ge crystal 
#Ge is much smaller than the angle of incidence on the Pt layer 0, resulting in a relatively small projection P xy of P. 
Moreover, due to Fresnel laws, circularly polarized light impinging on the Pt surface becomes elliptically polarized 
inside the Ge layer, thus reducing the spin polarization of the optically oriented spins. Neverthless, the ISHE signal 
can be shown to be proportional to the degree of circular polarization of the incoming beam R c . 15,19 Fig. 2 shows 
the ISHE voltage as a function of cf> for a fixed 9 — 65°, hv = 1.77 eV and an excitation power w exc — 230 mW. 
Measurements have been performed at room temperature with a noise voltage lower than 100 nV. AV follows the 
cos^ dependence expected from Eq. 1 with the experimental set-up depicted in Fig. 1(a). 

An intensity modulation of the exciting light would give a voltage signal, which should be detectable also in the 
second harmonic output of the lock-in amplifier, not related to the spin orientation but associated to the Dember 
effect 20 . Such a signal has been found to be negligibly small confirming the ISHE origin of Ay. 

In order to validate the spin-current origin of the detected signal, we have performed additional measurements at 
4> = 0° as a function of the incidence angle 9 (Fig. 3(a)) and of the degree of circular polarization R c (Fig. 3(b)). 21 
A variation in 9 affects both the intensity and the degree of circular polarization of light reaching the Ge crystal, 
according to the relation AVishe ^ cos(9Q C )ta,n9R c . Fig. 3(a) clearly shows that our data nicely reproduce the 
expected behavior (black curve in Fig. 3(a)) within the experimental accuracy, except for low incidence angles where 
the ISHE signal is almost absent. Fig. 3(b) shows the dependence of AV (for 9 = 65° and <f> = 0°) on the degree of 
circular polarization of the exciting beam. R c is varied changing the phase shift induced by the PEM from (R c = 0) 
to A/4 (R c = 100%). AV linearly increases with R c , which is also expected considering Fresnel laws 15,19 and selection 
rules for optical orientation at the Ge direct gap. 

In the experimental conditions where the sample is illuminated with a spot diameter d roughly equal to the distance 
between the two Au electrodes, d ~ 4 mm, AV can be expressed as AV « -Eishe d. It is therefore possible to provide 
an estimation of the spin current injected at the Pt/Ge interface. By exploiting the spin-diffusion equations, as 
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FIG. 3. (Color online) (a) ISHE voltage signal AV as function of the incidence angle 6 at T = 300 K. (b) Dependence of AV 
on the degree of circular polarization R c of the exciting beam. 
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FIG. 4. (Color online) Spin current J s {6 — 65°, 4> = 0°) at the Pt/Ge(001) interface, normalized to the photon flux, as a 
function of photon energy (red dots, left axis), compared to the initial photo-induced electron spin polarization (black line, 
right axis) from Ref. 22. 



reported in Ref. 15, we get: 

d 7 \J sinh(VA) J 
w 7.06 x 10 9 AV(A • rrT 2 ) (2) 

where t = 4 nm is the Pt film thickness, A = 7 nm is the spin diffusion length in Pt, 18 and AV is measured in volts. 
For 9 = 65°, 4> — 0°, hv = 1.77 eV and w exc = 230 mW, we measure AV = 0.48 //V, which provides a spin current 
density equal to J s = 3 x 10 A m~ 2 . Such a value, when normalized to the flux of incoming photons, is comparable 
to the one estimated in Ref. 15 for a Pt/GaAs(001) junction. 

Fig. 4 shows the spin current J s , obtained from Eq. 2 as a function of the incident photon energy hv in the 1.0-1.8 eV 
range, normalized to the flux of the incoming photons. In the absence of optical excitation, a dynamical equilibrium is 
established between the electron flux between the semiconductor (SC) and the metal. Under illumination the barrier 
experienced by electrons in the SC is lowered by the open-circuit photo-voltage and the flux of electrons injected 
in the Pt layer increases. In our case such an electron flux is counterbalanced by the current transported by holes 
to ensure charge conservation. After excitation at the direct gap electrons relax to the L minima. The lifetime of 
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electrons in L- and T-states is tl ~ l/^s and rr ~ 300 fs, respectively. By applying a simple model taking into account 
the diffusion coefficient in Ge, one can readily estimate that a quasi-equilibrium regime is established, 23 where only a 
tiny fraction of carriers, of the order of 10 -4 for an injected carrier density of 10 19 cm' 3 , occupies states at T. Carrier 
and spin diffusion is therefore dominated by transport through L-states. The ambipolar diffusion coefficient in Ge is 
D = 63 cm 2 s~ 1 and, assuming an electron spin lifetime of r se ss 1 ns, a spin diffusion length L se ss 2.5 /im can be 
calculated. The fraction of electrons, generated within a distance L se from the metal/SC interface, is not significantly 
varying within the photon energy range used in our experiments, being 87% for hv = 1 eV and 100% for hv — 1.8 eV. 
As a result, the normalized J s value is expected to be roughly proportional to the electron spin polarization P. The 
degree of electron spin polarization Pq right after excitation in the conduction band as calculated in Ref. 22 is also 
shown in Fig. 4 (continuous line, right-hand axis). The normalized J s value is seen to be roughly proportional to Po, 
confirming that the ultrafast T — L scattering partially preserves the electron spin, allowing its transport through the 
long-lived L states. It is worth noticing that the sharp decrease of the electron polarization expected for hv = Er + Ao 
with Ao being the SO energy (black line in Fig. 4), is observed in the ISHE measurements at about 0.1 eV higher 
photon energies. Such a finding can be related to the different depth at which electrons promoted from the HH and 
SO bands are generated. As a first approximation, the absorption coefficient for direct gap transitions is proportional 
to rr&r \/hv — E t , where m r is the valence/conduction band reduced mass for photoexcitation at T and E t is the 
threshold energy of the transition. When exciting with right-circularly polarized photons having energy hv = 1.1 eV, 
the absorption coefficient associated to the excitation of spin-down electrons from the SO band is roughly ten times 
smaller than the one related to the excitation of spin-up electrons from the HH band, due to the different values of 
m r and E t in the two transitions (m r — 0.037 and E t — E g for HH to T, while m r = 0.028 and E t = E g + Aq for 
SO to r). Therefore, spin-down electrons are generated further away from the Pt/Ge(001) interface and give a minor 
contribution to the injected spin current. 

In conclusion, we have shown that a detectable ISHE voltage signal from a Pt/Ge(001) junction can be obtained at 
room temperature. The attribution of the measured signal to ISHE is confirmed by its dependence on the incidence 
and azimuthal angles and (j> and on the degree of polarization of the exciting light. The dispersion of the ISHE 
signal as a function of the exciting photon energy confirms that the optically-promoted electrons in the Ge conduction 
band can be transferred to the L valleys still preserving, at least partially, their spin orientation. These results pave 
the way for the development of Ge-based devices exploiting photoinduced spin currents. 
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